Pigs ( n = 18) were selected to represent three different muscle conditions (six pigs per condition): normal; dark, firm, and dry; and halothane carrier. A 45-cm-long longissimus section was excised from each side of the carcass at 30 min postmortem and cut into six sections. Right side sections were assigned to the intermediate temperature incubation (23°C), and left side sections were designated high temperature incubation (40°C). Sections were randomly assigned to incubation times (0, 1, 2, 4, 6, or 8 h). The 0 h section from each incubation treatment was designated as a control and was placed directly into a 4°C cooler. Temperature and pH were evaluated on the control section and for each loin section at the end of the incubation time. Color (L*, a*, and b* values), percentage of purge loss, waterholding capacity, and drip loss were determined. Incubation treatment did not alter pH decline in dark, firm, and dry muscle; however, high temperature increased pH decline in normal and halothane carrier samples. Results suggest that there is a strong interaction between pH and temperature that affects pork quality attributes. High incubation temperature had a negative effect on most quality variables; however, muscle condition (normal or halothane carrier) had limited effects on muscle quality.
Introduction
In the Pork Chain Quality Audit (Cannon et al., 1995) , packers reported a 10% incidence of pale, soft, and exudative ( PSE) pork and a 4% incidence of dark, firm, and dry ( DFD) pork. Processors reported poor water-holding capacity ( WHC) in 20% of their raw materials, and retailers ranked color variation and excess purge first and second as quality defects (Morgan et al., 1994) .
The PSE condition can be observed in carcasses with rapid PH decline and in carcasses with a low ultimate PH (Bendall and Swatland, 1988; Offer, 1991 , Enfä lt et al., 1993 . The PSE condition results from protein denaturation (Offer, 1991) . The DFD condition is caused by depletion of muscle glycogen reserves before slaughter; DFD pork is a concern not only because its dark color makes it unattractive to consumers (Kauffman et al., 1992) , but also because the high ultimate pH is conducive to bacterial growth, which decreases shelf life (Kauffman et al., 1992; Dobrenov, 1990) .
The objective of this study was to evaluate postmortem holding temperature effects on pH decline, color, and WHC of pork derived from three different muscle conditions (normal [N] , halothane carrier [HC] , and DFD) muscles.
Materials and Methods
Eighteen barrows (105 to 118 kg) were selected from commercial hybrid stock to represent three different muscle conditions (six per condition): N; DFD; and HC. The DFD condition was created by injecting pigs with 1 mg of epinephrine in 1 mL of phosphate-buffered saline approximately 15 h and again 1 h before slaughter. The HC pigs were identified using the HAL-1843™ assay. Pigs were slaughtered at the University of Illinois Meat Science Laboratory and suspended by the right or left (randomly) rear leg.
At 30 min postmortem, a 45-cm section of longissimus was excised from each side of the carcass, and subcutaneous fat was removed. Each longissimus was separated into six sections, which were weighed and bagged in Whirpak™ bags. Right side sections were used for the intermediate temperature ( IT) incubation (23°C), and left side sections were used for high temperature ( HT) incubation (40°C). Sections were then randomly assigned to incubation times of 0, 1, 2, 4, 6, or 8 h. The 0 h section from each incubation temperature was designated as a control and was placed directly into a 4°C cooler. Temperature and pH were evaluated on the control and on each loin section at the end of the incubation time, before transfer to a 4°C cooler.
At 24 h postmortem, pH and temperature of each section were determined. In addition, instrumental color and the percentage of purge loss were determined. At 48 h postmortem, chops were removed from each muscle sample for cooking; drip loss and WHC were determined. Thaw and Cooking Losses. At 48 h postmortem, a 1.9-cm-thick chop was cut, weighed, wrapped in polyethylene-lined freezer paper, frozen and held for subsequent cooking and evaluation. Chops were thawed for 24 h at 4°C, reweighed, and then cooked on Farberware™ grills to an internal temperature of 70°C. Internal temperature was monitored using copper constantan thermocouples and a recording thermometer. Cooked weights were determined. Thaw and cooking losses were calculated.
Incubation
Water-Holding Capacity. One chop from each loin section was trimmed free of fat and connective tissue and weighed. Because some samples had very high purge losses, a proportional amount of purge was added back to all samples. The amount of purge added back to the sample was calculated by multiplying the weight of the chop taken above by the percentage of purge loss for that section. Muscle and purge were homogenized in a food processor. After homogenization, 3 g was placed on a 7.5 × 7.5 cm square of 30-mm nylon mesh and suspended in a 15-mL centrifuge tube. The sample was suspended by overlapping the mesh on the outside of the tube and holding it in place with the cap. The tube was then centrifuged at 2,000 × g for 5 min. After centrifugation, meat and mesh were reweighed and the percentage of loss was calculated.
Because this was a new procedure, experiments were conducted to validate it. Variables evaluated included mesh size (30 and 100 mm), centrifugation speed (1,000 and 2,000 × g) , centrifugation time (1, 3, 5, 7, and 10 min), and sample size (1, 3, and 5 g). Results of these experiments indicated that centrifuging a 3-g sample at 2,000 × g for 5 min maximized moisture loss. The reliability of this procedure was validated using three replications in which meat samples were spiked with 0, 5, or 10 mL of distilled, deionized water. The percentage of recovery for the spiked samples, when compared with the control samples, was consistent with the amount of water added. A problem associated with this procedure was the inability to accurately record the volume of water lost because test tube caps did not fit tightly over the mesh; consequently, some liquid might have been lost out of the tops of the tubes.
Statistical Analysis. Data were analyzed as a repeated measures analysis of variance using the General Linear Model procedure of SAS (1993) . Effects included in the model were muscle type (normal, DFD, halothane carrier); incubation temperature ( 4°, 23°, and 40°C); incubation time (0, 1, 2, 4, 6, and 8 h); two-and three-way interactions between muscle type, temperature, and time; animal effects; and animal × incubation time interaction. Tests of significance for muscle type, incubation temperature, and the interaction of muscle type and temperature were made using the animal mean square. Tests of significance for incubation time, and interactions of time and muscle type and incubation temperature were made using the animal × incubation time interaction mean square.
Results and Discussion
Muscle condition (N, DFD, PSE) affected ( P < .05) all traits evaluated except a* value (Table 1) . Incubation temperature affected ( P < .05) pH decline, purge loss, L* and b* values, and WHC. Incubation pH Decline. The pH decline for the different muscle conditions and incubation treatments is presented in Table 2 . The DFD samples had significantly higher pH values than N and HC samples at all time intervals studied. The pH of DFD samples was not affected ( P < .05) by incubation time or by incubation temperature, suggesting that glycogen stores were depleted before slaughter. A significant temperature effect existed for pH of HC samples after 2 h of incubation; this effect was not observed in N samples until 4 h. After 1 h of incubation, pH of the HC HT samples was lower than that of the N samples; other N and HC samples did not differ ( P > .05).
No differences in pH occurred between incubation treatments for N samples incubated 2 h. However, HC HT and IT sample pH values were lower than those of the HC controls, N controls, and the N IT samples. After 4 h of incubation, the N HT sample pH was lower ( P < .05) than N and HC controls. The HC HT and IT sample pH remained lower than the HC and N controls, and the HC HT pH had dropped below that of N IT samples. After 6 h, the N IT sample pH was lower than that of the N control.
After 8 h, pH values for the N HT samples were as low as those from the HC control. All other treatments remained similar from 4 through 8 h of incubation. The HT incubation of N and HC muscle resulted in a more rapid postmortem pH decline than did the conventional chilling ( 4°C ) treatment. These findings agree with those of Bowling et al. (1978) , who reported that lamb carcasses held at 32 and 49°C had more rapid pH declines than conventionally chilled carcasses. They suggested that elevated temperatures denatured membrane-bound proteins increasing the permeability of the sarcoplasmic reticulum, which increased intracellular Ca 2+ and caused glycolysis rate to increase (Bowling et al., 1978) .
After 24 h, the pH of DFD samples remained unchanged. The pH values of all N and HC samples had dropped to a similar level, but all were lower than those of DFD sample.
Instrumental Color. Changes in L* values are shown in Figure 1 . Initially, DFD samples were darkest (lowest L* values) and N samples were lightest. Incubation of DFD samples resulted in minimal changes in lightness; they remained significantly darker than the N and HC samples. No differences in lightness occurred between the N and HC treatments from IT and HT incubation for the first 4 h, but after 4 h, HT samples were lighter ( P < .05) than the IT samples. This trend continued through 6 h. The increase in lightness associated with HT agrees with the finding of Bowling et al (1978) ; they reported that the longissimus from lambs held at 0°C were significantly darker than those held at 49°C. In the present study, lightness (L* value) differences existed due to incubation temperature in normal and HC samples starting as early as 4 h; no lightness differences due to incubation temperature existed for DFD samples. Davis et al. (1974) and Monin and Sellier (1985) suggested that it is the rate of pH decline and not the ultimate pH that affects color. In the present study, no significant difference existed between incubation treatments for ultimate pH, but there was an effect on pH decline.
Least square means for a* values (redness) are shown in Table 3 . Initially, DFD samples had higher ( P < .05) a* values than HC samples. After 1 h of incubation, no differences existed among muscle conditions. After 6 h, the HC samples were less red (lower a* values) than DFD samples. After 8 h, the DFD samples had significantly higher a* values than N and HC samples. Temperature had no effect on a* values, nor did a* values differ consistently over time. These findings agree with those of Eikelenboom and Nanni Costa (1988) , who reported no differences in a* values of meat from halothane positive and halothane negative pigs.
For all muscle conditions, b* values (yellowness) rose with increases in incubation temperature; however, DFD samples were not affected to the same degree as N and HC samples (Figure 2 ). Initially, HC Purge Loss. Purge loss means are presented in Table 4 . The DFD zero time samples had significantly less purge than N samples, but they did not differ from HC samples. After 2 h of incubation, the HC HT samples had higher purge losses than HC IT. The N and HC HT samples incubated for 4 h had greater purge losses than N and HC IT. Throughout the incubation time, purge losses of DFD samples were not different from those of HC IT samples; after 6 h, they did not differ from N IT. After 8 h, N IT samples had higher purge losses than DFD samples. Purge loss was higher in HT incubated samples. This seems to be due to the denaturation of myfibrillar proteins that can occur with rapid postmortem pH decline (Offer, 1991) . It is interesting to note that after 2 h of incubation, the HC HT samples had significantly higher purge losses than their corresponding IT samples. This same trend was not observed in the N HT samples until 4 h.
Drip Loss.
With the exception of DFD samples, drip losses, did not change consistently over time (Table   5 ). The DFD samples had significantly lower drip losses than N and HC samples. Drip loss was unaffected by incubation temperature.
Thaw and Cooking Loss. Muscle condition was the only factor significantly affecting thaw and cooking losses (data not shown in tabular form). Mean thaw losses were 3.99, −.04, and 1.55% for N, DFD, and HC samples, respectively. Mean cooking loss for HC samples was 25.34%, higher than for N (23.22%) and DFD samples (15.63%). It was somewhat surprising that there was not a significant temperature effect on drip loss; this may be attributed to the high purge losses observed in HT HC and N samples. The HC samples had significantly higher cooking losses. On the basis of findings of Eikelenboom and Nanni Costa (1988) , no significant difference was expected between N and HC samples for cooking losses.
Water-Holding Capacity. Least squares means for WHC are presented in Table 6 . The DFD controls had higher WHC than N and HC controls. The WHC of DFD samples was not affected by incubation temperature or time and remained higher than WHC of non-HC samples throughout the incubation time. The differences in WHC followed the same trend as those observed for purge loss. The HC HT samples had lower WHC after only 2 h of HT incubation; it took 4 h to see the same effect in N samples. This trend continued up to 24 h postmortem. It is possible that HC muscles are more sensitive to increased temperature. The DFD samples had the highest WHC and were unaffected by incubation temperature. The DFD 
Implications
Results indicate that incubation temperature and halothane status affect water-holding capacity, purge loss, and color of pork. Incubation of normal and halothane positive samples at high temperature resulted in increased drip and purge losses. High temperature incubation resulted in lighter muscle color and decreased water-holding capacity. Higher muscle temperatures result in quality losses; to improve or maintain pork muscle quality, temperature should be lowered as rapidly as possible during the immediate postmortem period.
